. Assignment of isolates to lineages and to the majority of L. monocytogenes subtypes was significantly associated with the isolate source (food or human), although most subtypes and lineages included both human and food isolates. Some subtypes were also significantly associated with isolation from specific food types. Tissue culture plaque assay characterization of the 42 human isolates from Maryland and California and of 91 representative food isolates revealed significantly higher average infectivity and cell-to-cell spread for the human isolates, further supporting the hypothesis that food and human isolates form distinct populations. Combined analysis of subtype and cytopathogenicity data showed that strains classified into specific ribotypes previously linked to multiple human listeriosis outbreaks, as well as those classified into lineage I, are more common among human cases and generate larger plaques than other subtypes, suggesting that these subtypes may represent particularly virulent clonal groups. These data will provide a framework for prediction of the public health risk associated with specific L. monocytogenes subtypes.
Listeria monocytogenes is an intracellular pathogen that can cause invasive disease in humans and animals (32, 40) . Approximately 99% of human listeriosis infections appear to be food borne (23) . While L. monocytogenes has been isolated from a variety of raw and ready-to-eat (RTE) foods, most human listeriosis infections appear to be caused by consumption of RTE foods that permit postcontamination growth of this pathogen (6) . Listeriosis is estimated to be responsible for about 500 deaths per year in the United States, accounting for 28% of annual deaths attributable to known food-borne pathogens, second only to deaths due to Salmonella infections (23) .
L. monocytogenes strains group into two major divisions, designated lineages I and II, as shown by application of a number of molecular subtyping strategies, including ribotyping, multilocus enzyme electrophoresis, pulsed-field gel electrophoresis (PFGE), and virulence gene sequencing (41) . Strains of serotypes 1/2b, 4b, 3b, and 3c consistently group into lineage I, while serotype-1/2a, -1/2c, and -3a strains group into lineage II (25) . L. monocytogenes lineage III strains represent a third, distinct taxonomic group (41) , which predominantly includes serotype-4a and -4c strains (25) . Some previous studies have suggested that L. monocytogenes subtypes and lineages differ in their associations with specific host and nonhost environments (14, 16, 17, 27, 28, 30, 42) . For example, the majority of sporadic human listeriosis cases appear to be caused by serotype-4b and -1/2b strains, while most human listeriosis outbreaks have been caused by serotype-4b strains (41, 42) . Rarely, outbreaks have been caused by non-4b serotypes. For example, a serotype-3a strain outbreak was linked to contaminated butter in Finland (22) , and a serotype-1/2a outbreak of gastrointestinal listeriosis was linked to sliced turkey in the United States (11) . Previous studies have also shown that lineage I strains are more common among human listeriosis cases and outbreaks than among animal cases, while lineage III strains are significantly more common among animal listeriosis cases than among human cases (17) . From a biological perspective, however, clear correlations between specific genetic types or clonal groups and virulence characteristics remain to be established (19, 26, 30, 42) .
We hypothesize that robust identification of specific associations between L. monocytogenes subtypes and specific hosts or environmental niches will require analyses of both molecular subtyping and pathogenicity characteristics of large numbers of isolates. The majority of previously reported studies that have probed associations between L. monocytogenes molecular subtypes and human clinical cases have used relatively small human, animal, and food isolate data sets; for example, the isolate sets used in references 3, 17, 27, and 28 all included fewer than 250 isolates in total. In this report, we describe the results of molecular subtyping of 502 food isolates and 492 human isolates of L. monocytogenes by using automated EcoRI ribotyping and PCR-restriction fragment length polymorphism analysis of the virulence gene hly (17, 42) . Although multien-zyme ribotyping or other methods (e.g., PFGE) may provide greater discriminatory capabilities (1, 21) , single-enzyme EcoRI ribotyping was chosen as a subtyping method for this study because (i) automated ribotyping provides highly standardized results (4) , which is a prerequisite for subtyping large isolate sets; (ii) EcoRI ribotyping targets conserved chromosomal genetic characteristics and thus allows for reliable grouping of isolates (35) ; and (iii) large L. monocytogenes EcoRI ribotype data sets for human, animal, and food isolates were available (5, 17, 35) for comparisons with subtype data generated in this study. The food isolates used in this study were obtained through a large-scale prospective survey of a variety of commercial RTE food products in Maryland and Northern California in 2000 and 2001 (13) . Forty-two of the human isolates were obtained from cases of human invasive listeriosis reported from the same regions during the same period. Molecular subtype and tissue culture cytopathogenicity data for these food and human isolates have not been reported previously. To allow a broader comparison between L. monocytogenes subtypes associated with human clinical cases and the RTE food isolates, an additional 450 L. monocytogenes isolates from cases of human listeriosis that occurred throughout the United States from 1997 to 2001 were also included in this study. A tissue culture plaque assay (36, 39) was used to measure the pathogenic potentials of selected isolates.
Based on characterization of the nearly 1,000 human and food L. monocytogenes isolates described above, we demonstrate that L. monocytogenes strains isolated from foods and those isolated from humans represent statistically distinct but overlapping populations. The data reported here thus provide a framework for evaluating the public health risk associated with different L. monocytogenes subtypes. As some L. monocytogenes ribotypes were significantly associated with isolation from specific types of food, our results also illustrate the value of a large-scale database of L. monocytogenes subtypes obtained from a wide variety of foods, which may enable rapid prediction of the most likely food source(s) responsible for an emerging listeriosis outbreak.
MATERIALS AND METHODS
Bacterial strains. L. monocytogenes food isolates were obtained through a previously described large-scale food survey (9, 13) . As part of this survey, more than 30,000 samples representing seven selected RTE food categories (luncheon meats, deli salads, fresh soft "Hispanic-style" cheeses, bagged salads, blue-veined and mold-ripened cheeses, smoked seafood, and seafood salads) were collected in Maryland and Northern California during 2000 and 2001. Isolates used in this study were independently obtained from different, individual food samples. Specifically, a total of 577 food samples tested positive for L. monocytogenes by use of DNA-based screening methods; putative L. monocytogenes isolates were obtained from 505 of these samples (13) . Among these 505 food isolates, the EcoRI ribotyping performed in the study described here identified three Listeria spp. other than L. monocytogenes. The initial misidentification of these isolates was further confirmed by negative results with an L. monocytogenes-specific hly PCR for each isolate; these three isolates were eliminated from further analyses. To provide a comprehensive comparison between human and food isolates and to enable balanced statistical analyses, an additional 450 L. monocytogenes isolates from invasive human listeriosis cases were selected from the Cornell Listeria Strain Collection (CLSC). The 450 human clinical L. monocytogenes isolates included in this study were obtained from patients with listeriosis symptoms who resided predominantly in New York, Connecticut, Ohio, and Michigan, as well as in a few other U.S. states; most isolates were obtained between 1997 and 2002. The CLSC isolates were characterized for ribotype and hly allele type (see below) upon entry into our strain collection. To avoid overrepresentation of a given outbreak in our analyses, if a single-source cluster of listeriosis cases was represented by multiple isolates in our collection, only one isolate from each cluster was included in the present study. Subtype, virulence, and other data (including ribotype images) for all isolates used in this study are publicly available in the searchable PathogenTracker database (www.pathogentracker.net).
Molecular characterization. For all isolates, the L. monocytogenes virulence gene encoding listeriolysin O (hly) was screened for allelic polymorphisms by PCR-restriction fragment length polymorphism using the restriction enzymes HhaI and HpaII, as previously described (42) . One of eight previously described allelic types (42) was assigned to each isolate based on the restriction pattern generated. Two isolates with a pattern that did not match any type described by Wiedmann et al. (42) were assigned a new type, hly type 1d.
EcoRI ribotyping was performed as previously described (5, 15, 17) , by using the RiboPrinter Microbial Characterization system (Qualicon, Wilmington, Del.). Ribotype patterns were analyzed by using the RiboPrinter custom software, which normalizes fragment pattern data for band intensity and relative band size. This software compares each banding pattern to a database of previously observed types and assigns it a DuPont identification number (ID) (e.g., DUP-1044) using a proprietary algorithm. Pattern assignments were confirmed by visual inspection. If visual inspection found that a given DuPont ID included more than one distinct ribotype pattern, each pattern was designated by an alphabetically assigned additional letter (e.g., DUP-1044A and DUP-1044B represent two distinct ribotype patterns within DuPont ID DUP-1044). Distinct ribotype patterns within a given DuPont ID generally differed by the position of a single weak band. If a newly generated ribotype pattern did not match a preexisting DuPont ID pattern with a similarity of Ͼ0.85, a type designation was assigned manually based on the "ribogroup" that had been assigned by the instrument (e.g., ribogroup 116-110-S-2).
Isolates were assigned to genetic lineage I, II, or III based on EcoRI ribotypes and hly allelic types, as previously described (42) . Briefly, hly type 1 strains were assigned to lineage I. Strains with hly type 2, 2b, or 2c were assigned to lineage II, and strains of hly type 1b, 1c, 1d, 4a, or 4b were assigned to lineage III. In general, ribotype patterns are also associated with a specific lineage (42) . For 20 isolates, however, the lineage assignment based on the hly type appeared inconsistent with that based on the ribotype. Final lineage assignments were resolved by using additional subtyping methods, including actA sequencing and 16S rRNA sequencing, as previously described (42) . The strategies employed provided complete and consistent subtyping data and lineage assignments for 990 of 994 isolates. For three isolates (all of ribotype 116-110-S-2), no lineage could be assigned; these isolates were excluded from statistical analyses of associations involving lineage. One isolate, despite confirmation of hly type 1, was assigned to lineage III based on ribotype (DUP-1061A), actA sequence, and 16S rRNA sequence data (42) . This isolate was included in all statistical analyses.
In vitro cytopathogenicity assay. The cytopathogenicities of all 42 human L. monocytogenes isolates from Maryland and California and of 91 selected food isolates from the same regions were examined by using a plaque assay with mouse L cells, which was performed essentially as described previously (36, 39) . The 91 food isolates were chosen to represent all of the 36 ribotypes found among the 502 food isolates and to include isolates from multiple different food sources for each ribotype, if available. As many as six isolates were selected for each ribotype. Mouse L cells were grown to a confluent monolayer as previously described (39) . L. monocytogenes isolates were grown overnight to stationary phase at 30°C without shaking, serially diluted in phosphate-buffered saline solution (pH 7.4), and inoculated onto the L cell monolayer (two wells per isolate: one well with 5 l of a 10 Ϫ2 dilution and one well with 15 l of a 10 Ϫ3 dilution). Serial dilutions of the inoculum were plated on brain heart infusion agar (Difco Laboratories, Detroit, Mich.) to determine the number of CFU used for inoculation. Each experiment included two wells of the reference strain 10403S (2) isolates, and the mean of two independent plaque assay results was used as the value for each isolate. Statistical analysis. Summary statistics were generated for all food and human isolates by using Statistix (version 7.0; Analytical Software, Tallahassee, Fla.). For statistical purposes, ribotypes were grouped such that there were at least 10 observations for each category; ribotypes that were identified fewer than 5 times were classified as "rare ribotypes," and ribotypes that were identified between 5 and 8 times were classified as "uncommon ribotypes." No ribotype was identified nine times. Each ribotype that occurred 10 times or more in the data set was considered to represent a separate category. BestFit was used to examine the distribution of plaque assay data (BestFit for Windows, version 2.0d; Palisade Corporation, Newfield, N.Y.). Data on plaque area (relative to the plaque area of the reference strain) were normally distributed, but for infectivity (relative to reference strain infectivity), a log transformation was used to obtain a normal distribution. Observations from non-plaque-forming isolates (n ϭ 4) were excluded from this analysis.
Associations between categorical variables (lineage, hly type, ribotype, food or human, food type) were examined by chi-square analysis (Statistix) or by Fisher's exact test (SAS, release 8.02; SAS Institute Inc., Cary, N.C.), as appropriate. Fisher's exact test was used when any expected cell frequency was less than 2 or if more than 20% of the expected cell frequencies were less than 5 (10). First, overall associations between two categorical variables, e.g., the association between ribotype and origin (food versus human), were examined. Subsequently, associations between specific values of categorical variables (the specified value versus all other values), e.g., the association between smoked seafood versus all other foods and ribotype DUP-1045B versus all other ribotypes, were examined. Associations between categorical and continuous variables (plaque area, logtransformed infectivity [non-plaque forming isolates excluded]) were examined by one-way analysis of variance (ANOVA) in Statistix.
For all analyses, categories with fewer than five observations were excluded, and a P value of Ͻ0.05 was considered significant in the assessment of results. It could be argued that, due to the large number of associations that were tested, the probability of a type 1 error was inflated and the significance threshold should be adjusted to compensate for that. Rather than lowering the cutoff value for significance to a P value of Ͻ0.01 and reporting significance as a binary outcome, we report the observed P values. This allows readers to interpret the data without being limited to a binary classification around an arbitrary threshold for significance (34) .
RESULTS
Lineage and hly types of food and human isolates. The distribution of L. monocytogenes genetic lineages differed significantly between the 492 human isolates and the 502 food isolates, although no associations were exclusive (Table 1) . Lineages I and III were significantly (P Ͻ 0.0001 and P Ͻ 0.05, respectively) associated with isolation from humans, and lineage II was significantly (P Ͻ 0.0001) associated with isolation from foods. In contrast, when comparisons were made only between the 42 human isolates from Maryland and California and the 502 food isolates from the same geographic regions and time period, no significant differences were observed in the distribution of food and human isolates among lineages.
The distribution of hly allelic types also differed significantly between human and food isolates (Table 1) , although there were no exclusive associations. hly types 1 and 2 were significantly associated with isolation from humans, and hly type 2b was significantly associated with isolation from foods. Because lineage II is composed of both hly types 2 and 2b, the statistically significant association of lineage II with isolation from foods results from the highly significant association of hly type 2b strains with food sources (Table 1) . hly allelic types 1c, 1d, and 4a occurred very rarely in the data set (once or twice each) and were excluded from statistical analyses.
Ribotypes of food and human isolates. A total of 63 ribotypes were found among the 994 isolates examined. Thirtysix ribotypes were found among the 502 food isolates, and 54 ribotypes were found among the 492 human isolates. Thirtyseven ribotypes representing 66 isolates were "rare" (identified one to four times), 8 ribotypes representing 49 isolates were "uncommon" (identified five to eight times), and the remaining 879 isolates all belonged to 1 of 18 "common" ribotypes, with 10 to 160 isolates per ribotype.
There was a statistically significant difference in the distribution of ribotypes among human and food isolates, both overall ( 2 ϭ 314.2; df ϭ 19; P Ͻ 0.0001) and for individual ribotypes (Table 2 ). For example, ribotype DUP-1042B was identified in 3.6% of the food isolates but 14.4% of the human isolates, while ribotype DUP-1062A was found in 30.1% of the food isolates but only 1.8% of the human isolates. Overall, eight common ribotypes and the rare ribotypes as a whole were significantly associated with isolation from humans ( Table 2) , but only one of these common ribotypes (DUP-1030B) was isolated exclusively from humans. Of the 20 ribotypes occurring only once in the data set, 19 were human isolates and 1 was a food isolate. Six common ribotypes were significantly associated with isolation from food ( Table 2) , and of these, two (DUP-1042C and DUP-1044E) were found exclusively in food. Four common ribotypes and the uncommon ribotypes as a whole were equally likely to be found among human or food isolates. The majority of the isolates (754 of 994) were assigned to common ribotypes that are significantly, but not exclusively, associated with isolation from either food or humans.
In vitro cytopathogenicities of food and human isolates. The results of the plaque assay were expressed as two measures of cytopathogenicity: plaque area, an indicator of the ability to spread between mammalian cells, and CFU per PFU, a measure of infectivity. Each of these measures was expressed as a were tested with the plaque assay. Four isolates (one human isolate and three food isolates) formed no plaques, indicating severe defects in cytopathogenicity. These isolates, which were excluded from the statistical analyses of cytopathogenicity results, belonged to ribotypes DUP-1053A (the human isolate), DUP-1043A, DUP-1051D, and DUP-1042B.
The distribution of plaque areas for the 129 plaque-forming strains was normal, with a mean of 101% and a standard deviation (SD) of 26%. When human and food isolates were considered separately, the distribution of plaque areas within each source type was still normal. Plaques from human isolates (n ϭ 41; mean, 113%, SD, 27%) were larger (P Ͻ 0.001 by ANOVA) than plaques from food isolates (n ϭ 88; mean, 95%; SD, 24%), in spite of the fact that plaque areas for the two populations overlapped (Fig. 1A) .
The CFU-per-PFU values for the 129 plaque-forming strains required a log transformation to achieve a normal distribution among the data. The mean ln(CFU/PFU) was Ϫ0.07, and the standard deviation was 0.49, which equates to an average CFU per PFU of 93%. When human and food isolates were considered separately, the distribution of log-transformed infectivity was normal within each source type. Infectivity was significantly higher (P Ͻ 0.0001 by ANOVA) for human isolates [n ϭ 41; mean ln(CFU/PFU), Ϫ0.40; SD, 0.38; mean CFU/PFU, 67%] than for food isolates [n ϭ 88; mean ln(CFU/PFU), 0.09; SD, 0.46; mean CFU/PFU, 109%], in spite of overlapping infectivity values between the two populations (e.g., some human isolates formed fewer plaques than the majority of food isolates) (Fig. 1B) .
Lineage or hly type and in vitro cytopathogenicity. Lineage I isolates formed significantly (P Ͻ 0.001 by ANOVA) larger plaques (n ϭ 56; mean, 110%; SD, 29%) than lineage II isolates (n ϭ 70; mean, 93%; SD, 21%). Isolates of hly type 1 (n ϭ 56; mean, 110%; SD, 29%) also formed significantly larger plaques (P Ͻ 0.01 by ANOVA) than isolates of either hly type 2 (n ϭ 59; mean, 94%; SD, 22%) or hly type 2b (n ϭ 11; mean, 89%; SD, 14%). Plaque area did not differ significantly between hly types 2 and 2b. Infectivity did not differ significantly between lineages I and II or between isolates of different hly types. Isolates belonging to other lineages or hly types (n ϭ 3) were excluded from statistical analysis because of the limited number of observations within each of these groups.
Ribotype and in vitro cytopathogenicity. The association between ribotype and plaque area or infectivity was tested for ribotypes for which plaque assay results were available for at least five isolates (Table 3) . By examining all 129 plaque-forming isolates and contrasting one ribotype at a time to all isolates belonging to other ribotypes, three ribotypes were found to differ significantly from the rest in cytopathogenicity. DUP-1038B and DUP-1042B had larger plaque areas than other ribotypes. In contrast, DUP-1053A had lower infectivity than other ribotypes. DUP-1042B, which formed the largest
FIG. 1. Comparison of plaque area (A) and infectivity (B) for 41
human isolates and 88 food isolates of L. monocytogenes tested in a mouse L cell plaque assay. Data for four isolates that formed no plaques were not included in this figure. Plaque area and infectivity (expressed as log-transformed CFU per PFU) are given relative to those of the reference strain, 10403S. Grey and black bars represent the numbers of food and human isolates, respectively. Grey and black lines represent the normalized probability distributions of results from food and human isolates, respectively. on September 7, 2017 by guest http://aem.asm.org/ plaques, was represented by 14 isolates, so strains with this ribotype had a considerable impact on the overall average plaque size within the data set. When data from DUP-1042B strains were excluded from this analysis and DUP-1038B was contrasted to the remaining 107 isolates, the difference in plaque area between DUP-1038B and the remaining ribotypes was significant (P Ͻ 0.01). Associations between plaque area and infectivity were evaluated for the four ribotypes for which plaque assay results were available for Ն8 isolates (Fig. 2) . For ribotypes DUP-1038B and DUP-1042B, strains with small plaque areas were associated with low infectivity and those with large plaque areas were associated with high infectivity (R 2 , 0.83 for DUP-1038B and 0.32 for DUP-1042B). No significant association between plaque area and infectivity was observed for DUP-1039C strains (R 2 ϭ 0.01). For ribotype DUP-1062A strains, a small plaque area was associated with high infectivity and a large plaque area was associated with low infectivity. DUP-1062A was the most common ribotype found among our food isolates but was rarely isolated from humans ( Table 2 (2) . High values indicate a large plaque area and low infectivity, respectively. Asterisks represent P values for comparison of a specified ribotype versus all other plaque-forming isolates. ‫,ء‬ P Ͻ 0.05; ‫,ءءء‬ P Ͻ 0.001.
b Based on analysis of 502 food isolates and 492 human isolates ( Table 2) . H Ͼ F, ribotype more common among human isolates than among food isolates, H ϭ F, no significant difference in occurrence, F Ͼ H, ribotype more common among food isolates than among human isolates. Asterisks represent P values. ‫,ء‬ P Ͻ 0.05; ‫,ءء‬ P Ͻ 0.01; ‫,ءءء‬ P Ͻ 0.001; ‫,ءءءء‬ P Ͻ 0.0001.
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on September 7, 2017 by guest http://aem.asm.org/ nicity cannot be defined on the basis of either plaque area or infectivity alone, since correlations between the two can be positive, negative, or absent. For ribotypes DUP-1039C, DUP-1042B, and DUP-1062A, results from more than 10 isolates were available, and the in vitro cytopathogenicity of isolates from humans was compared to that of isolates from food within each ribotype. For ribotype DUP-1039C, there was no difference in ln(CFU/PFU) between food isolates (n ϭ 6) and human isolates (n ϭ 5), but for ribotypes DUP-1042B and DUP-1062A, human isolates had significantly higher infectivity than food isolates (for DUP-1042B, n food ϭ 4, n human ϭ 10, and P Ͻ 0.01; for DUP-1062A, n food ϭ 5, n human ϭ 6, and P Ͻ 0.05). Human and food isolates within these three ribotypes did not differ in plaque area.
Association between molecular types and food types. When associations between ribotypes and isolation from specific foods were tested as two-by-two tables (a specified ribotype or other ribotypes versus a specified food or other foods), many ribotypes showed over-or underassociation with particular food types, and some of these associations were highly significant (P Ͻ 0.001) and nearly exclusive (Table 4) . For example, ribotype DUP-1062D was isolated 26 times from smoked seafood and only once from a different type of food. For eight of the nine ribotypes that were highly (P Ͻ 0.001) associated with a specific food, food isolates had been obtained from both food sampling sites (Maryland and California). The only exception is ribotype DUP-1045B, which was highly significantly associated with isolation from smoked seafood, and for which all 11 smoked-seafood isolates were obtained from foods collected in California. In addition, the two ribotypes associated with isolation from seafood salads were isolated predominantly from samples collected in Maryland (11 of the 12 DUP-1042B isolates and 44 of the 48 DUP-1062A isolates were from samples collected in Maryland; overall, 82 of 104 seafood salad isolates were from Maryland). The overall association between ribotype and food type was not examined because the large number of possible combinations with low expected values would diminish the value of this comparison.
Some foods were also significantly more likely than others to harbor ribotypes that are commonly found in humans. For example, DUP-1053A, which was significantly more common among human isolates than among food isolates (Table 2) and had low infectivity (Table 3) , was highly associated with isolation from deli salads (Table 4) . Ribotype DUP-1042B, which is associated with humans (Table 2) and forms large plaques (Table 3) , was found mostly in seafood salads (Table 4) .
DISCUSSION
In this study, we report on the distribution of genotypic and phenotypic characteristics among almost 1,000 L. monocytogenes isolates from either human clinical or food sources. Smaller-scale studies on subtype and/or phenotypic characteristics of L. monocytogenes isolates from humans and foods have been reported previously (3, 27, 28) . Our data clearly indicate that human and food isolates of L. monocytogenes represent distinct but overlapping populations. This conclusion is supported by three lines of evidence: (i) the distribution of L. monocytogenes lineages, hly types, and ribotypes differed significantly between the 502 isolates from foods collected in a Asterisks represent the P value of the association between the specified food versus all other foods and the specified ribotype versus all other ribotypes ‫,ء(‬ P Ͻ 0.05; ‫,ءء‬ P Ͻ 0.01; ‫,ءءء‬ P Ͻ 0.001). Ribotype-food type combinations that are significantly overrepresented are boldfaced; combinations that are significantly underrepresented are italicized.
b BV/MR cheese, blue-veined or mold-ripened cheese. c FS cheese, fresh, soft Hispanic-style cheese. Association with ribotypes was not examined because of the low number of observations. d Associations of ribotypes DUP-1030A and DUP-1044B with food type were not examined because of the low number of observations. e The total number of food isolates is 497, because source data were not available for 5 food isolates.
Maryland and Northern California and the 492 human clinical isolates obtained from human listeriosis cases throughout the United States; (ii) the 91 food isolates and 42 human isolates collected in the same region during the same period exhibited significant differences in cytopathogenicity between human and food isolates; (iii) molecular subtypes significantly associated with isolation from human patients also showed higher average in vitro cytopathogenicity, indicative of higher virulence, than subtypes associated with isolation from foods. Our observations are consistent with the hypothesis that L. monocytogenes subtypes may differ in their virulence for humans and/or in potential for food-borne transmission (41, 42) . In particular, our data support the notion that L. monocytogenes lineage I strains, which have previously been shown to be the predominant strains associated with human listeriosis cases and outbreaks in multiple countries and continents (41) , have a higher likelihood of causing human disease than some or all of the strains grouped into lineage II. We are currently in the process of quantifying these differences by using a previously described L. monocytogenes risk assessment (9), developed on the basis of the food prevalence study (13) , which yielded the food isolates used in the study described here. Human and food isolates represent distinct but overlapping molecular subtype populations. Analysis of the molecular subtyping data showed that the distribution of L. monocytogenes lineages, hly types, and ribotypes differed significantly between the 502 food isolates from Maryland and Northern California and the entire group of 492 human listeriosis isolates collected from patients in different U.S. states over a period (1997 to 2002) similar to that used for collection of the food isolates (2000 to 2001). The apparent absence of significant differences between the 42 human and 502 food isolates collected from Maryland and California during the same period is most likely explained by the limited statistical power of analyses with a small number of human isolates. Previous, smaller studies have also reported statistically significant but nonexclusive associations between certain L. monocytogenes subtypes and isolation from human clinical specimens or food samples (27, 28) , providing additional evidence that L. monocytogenes strains differ in their likelihood of causing human clinical disease.
L. monocytogenes lineages, ribotypes, hly allelic types, and actA sequence types are highly correlated, consistent with the fact that the virulence gene island containing hly and actA is stable and not easily horizontally transferred (42) . While the vast majority of lineage I strains are characterized by hly type 1, lineage II includes two main hly types (2 and 2b). Our finding that L. monocytogenes lineage I and hly type 1 strains were significantly more common among human isolates than among food isolates is consistent with previous reports describing the frequent association of serotype-1/2a and -4b strains with human listeriosis cases (14) , since serotypes 1/2a and 4b belong to lineage I (25, 41) . Lineage I strains also are significantly more likely to be isolated from humans than from animals (17) . The significant association of lineage II strains with isolation from foods is true for lineage II strains that also show hly type 2b; lineage II hly type 2 strains are weakly associated with isolation from humans. This finding suggests that these two hly types may differ in their likelihood of causing human disease. One previous study reported that lineage III strains represent about 8% of animal isolates (17) . The scarcity of lineage III strains among food and human isolates in the present study may reflect an efficient separation of L. monocytogenes strains associated with animals and farm environments from those associated with humans and food-processing environments. Alternatively, lineage III strains may survive or multiply poorly in food-processing environments, or during food processing and storage.
EcoRI ribotyping data revealed a significant difference in the distribution of ribotypes between food and human isolates. Eight or six ribotypes were significantly associated with isolation from humans or foods, respectively. Interestingly, all three ribotypes that had previously been associated with more than one human listeriosis outbreak (7, 8, 17) were also significantly associated with isolation from humans in our data set. These three "epidemic ribotypes" all belong to lineage I; they include ribotype DUP-1038B, which caused outbreaks in Anjou, France (1976) (17) , and ribotype DUP-1044A, which was responsible for two recent U.S. outbreaks that were linked to consumption of contaminated hot dogs (8) and sliced turkey (7) .
An additional, particularly striking observation was that one ribotype (DUP-1062A) represented 30.1% of food isolates but only 1.8% of human isolates. We have recently found that ribotype DUP-1062A isolates carry a premature stop codon in the virulence gene inlA and show reduced ability to invade human epithelial Caco-2 cells (unpublished data). Loss of cell wall-bound InlA through naturally occurring premature stop codons has also been shown previously to lead to reduced invasion of human epithelial cells (31) . Loss of InlA thus provides a likely biological mechanism underlying the relative infrequency of ribotype DUP-1062A among human isolates, even though this subtype is common among food isolates. These findings support the biological relevance of the associations between specific subtypes and isolation from humans and foods described here.
In vitro cytopathogenicity data support the hypothesis that human and food isolates represent distinct but overlapping populations. Based on data for 91 representative food isolates and 42 temporally and geographically matched human isolates, we found that, on average, human isolates had significantly greater cytopathogenicities than food isolates, including both a significantly greater ability to invade mouse L cells and an enhanced ability to spread from cell to cell. We also found that lineage I strains (which were associated with isolation from human clinical cases [see above]) produced significantly larger plaques than lineage II strains. This is in agreement with previous studies on human and animal clinical isolates and food isolates of L. monocytogenes, which showed that lineage I strains, on average, formed larger plaques than lineage II strains (42) . In addition, isolates representing the epidemic ribotypes DUP-1038B and DUP-1042B also formed largerthan-average plaques in our in vitro pathogenicity assays. Overall, these observations support biological bases underlying the observed differences in subtype association between human and food isolates and further suggest that at least some specific lineage I strains (e.g., strains with ribotype DUP-1038B or DUP-1042B) represent major epidemic clones with enhanced virulence characteristics.
Our data also suggest that in vitro cytopathogenicity may, in some cases, be ribotype specific. In addition to ribotypes DUP-1038B and DUP-1042B, which produced significantly larger plaques than other ribotypes, ribotype DUP-1053A was found to have lower infectivity than other ribotypes. These findings are consistent with studies on food and human isolates using chicken embryo and Caco-2 tissue culture infection assays, which also revealed that some subtypes were more virulent than others (19, 26) . The concept of strain-specific virulence characteristics is also supported by the observation that the correlation between the two measures of cytopathogenicity (plaque size and infectivity) differed among ribotypes. However, isolates within a given ribotype also exhibited a range of cytopathogenicities. For example, for two out of three ribotypes for which more than 10 isolates were tested in plaque assays, within a given ribotype, isolates from humans had significantly higher average cytopathogenicity than isolates from foods. Whether cytopathogenicity can increase as a result of passage through a human or whether more-cytopathogenic isolates were more likely to cause human disease remains speculative, as previously acknowledged (26) . Overall, our results indicate that considerable variation in cytopathogenicity exists, even within a given ribotype. Use of more-discriminatory subtyping and characterization methods, such as PFGE, multilocus sequence typing, or sequencing of virulence genes will be necessary to determine whether these cytopathogenicity differences reflect the existence of different subtypes within a given ribotype.
It should be emphasized that isolates with low cytopathogenicity in vitro may still cause human disease. For example, ribotype DUP-1053A showed lower infectivity and formed smaller plaques than other ribotypes but was significantly more common among human isolates than among food isolates. Conversely, ribotype DUP-1042C, which was associated exclusively with isolation from foods, was characterized by high in vitro cytopathogenicity measures. Measurement of in vitro cytopathogenicity in murine L cells is unlikely to measure all of the factors involved in in vivo virulence across all species. For example, internalin A-mediated invasion (40) cannot be assessed in mouse L cells, since L. monocytogenes internalin A interacts with human E-cadherin but not with murine E-cadherin (20, 24) . In spite of recognized shortcomings, however, the plaque assay used here provides a relatively straightforward, quantitative measure of selected virulence characteristics. In studies with defined L. monocytogenes mutants, plaque assay results have been shown to correlate with strain virulence in the murine system and to sensitively detect mutations in genes affecting cell-to-cell spread (37) .
Some molecular types are associated with specific food types. A number of ribotypes were significantly over-or underassociated with one or two specific food categories; several associations were highly significant and nearly exclusive, suggesting underlying biological or epidemiological explanations. Associations between specific bacterial subtypes and food types have also been observed for other pathogens. For example, Clostridium botulinum type E strains are strongly associated with isolation from seafood, because these strains are adapted to survival in aquatic sediments (38) . Similarly, it is possible that some L. monocytogenes subtypes are particularly well adapted to surviving in specific food types. For example, DUP-1062A and DUP-1062D were both significantly associated with isolation from seafood. Previous studies of L. monocytogenes in smoked seafood and in seafood-processing plants have commonly resulted in isolation of ribotype DUP-1062 strains (which include both DUP-1062A and DUP-1062D) (12, 29, 30) . Another possible explanation for the association of certain ribotypes with specific food types is that these ribotypes are processing plant specific. In agreement with this hypothesis, a variety of studies have shown that specific L. monocytogenes subtypes can persist in food-processing environments for months to years (12, 18, 29, 41) and the source of at least one listeriosis outbreak has been traced to a strain persisting in a single processing facility (18) . In our study, ribotype DUP-1044E, which was isolated only from blue-veined and moldripened cheese, might be a persistent environmental contaminant in a cheese plant with national product distribution. Our observations suggest that further work toward identifying specific associations between food types and L. monocytogenes subtypes may enable more-rapid tracking of future listeriosis outbreaks to likely food sources (22) .
Conclusions. Our results show that the L. monocytogenes population associated with the RTE foods tested differed significantly from the population associated with human clinical cases, both in subtype composition and in the ability to infect mammalian cells in tissue culture. These findings support the existence of virulence and transmissibility differences among L. monocytogenes subtypes. An understanding of the variability of strains encountered in humans, foods, animals, and the environment and the range of virulence characteristics expressed by different strains will contribute to improved assessment of the public health risk posed by L. monocytogenes (6, 9, 33) .
